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(57) ABSTRACT 

ot-Ole?ns are made in a modi?ed plug ?oW reactor system 
by the oligomeriZation of ethylene using an iron complex of 
a selected diimine of a 2,6-pyridinecarboxaldehyde(bi 
simine) or 2,6-diacylpyridine(bisimine) as the oligomeriZa 
tion catalyst. The reactor is modi?ed to add the iron complex 
at tWo or more points along the length of the plug ?oW 
reactor, the distance between addition points being depen 
dent on the half-life of the active ethylene oligomeriZation 
catalyst. 

10 Claims, 2 Drawing Sheets 
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PROCESS OF PRODUCING ot-OLEFINS 

This application claims the bene?t of 60/411,449 ?led on 
Sep. 17, 2002. 

FIELD OF THE INVENTION 

ot-Ole?ns are made in a modi?ed plug ?oW reactor system 
by the oligomeriZation of ethylene using an iron complex of 
a selected diimine of a 2,6-pyridinecarboxaldehyde or 2,6 
diacylpyridine as the oligomeriZation catalyst. 

TECHNICAL BACKGROUND 

ot-Ole?ns are important items of commerce, hundreds of 
millions of kilograms being manufactured yearly. They are 
useful as monomers for (co)polymeriZations and as chemical 
intermediates for the manufacture of many other materials, 
for example detergents and surfactants. Presently most 
ot-ole?ns are made by the catalyZed oligomeriZation of 
ethylene by various catalysts, especially certain nickel com 
plexes or aluminum alkyls, see for instance U.S. Pat. No. 
4,020,121 and I. KroschWitZ, et al., Ed., Kirk-Olhmer Ency 
clopedia of Chemical Technology, 4th Ed., Vol. 17, John 
Wiley & Sons, NeW York, pp. 8394858. Depending on the 
catalyst used and the product distribution desired various 
processes are used, but they tend to operate at high pres 
sures, and/or high temperatures, and/or have large recycle 
streams, and/or be complex (for example recycle of catalyst 
streams), all of Which increases the capital cost of the 
manufacturing plant and/or increases plant operating costs, 
both of course undesirable. Therefore, better processes for 
making ot-ole?ns are of commercial interest. Some of the 
processes Which use these catalysts, especially alkylalumi 
num compound (alone) catalysts, are reported to utiliZe plug 
?oW reactors. 

Recently, as reported in Us. Pat. No. 6,103,946, Which is 
hereby incorporated by reference, it has been found that iron 
complexes of certain tridentate ligands of 2,6-pyridinecar 
boxaldehye(bisimines) or 2,6-diacylpyridine(bisimines) are 
excellent catalysts for the production of ot-ole?ns from 
ethylene. U.S. Patent Application Publication 2002/0016521 
describes a manufacturing process for ot-ole?ns using these 
catalysts in Which a liquid full continuous stirred tank 
reactor is used, optionally folloWed by a ?nal reactor Which 
may be plug ?oW reactor. The process described herein 
concerns a modi?ed plug ?oW reactor. 

SUMMARY OF THE INVENTION 

This invention concerns, a process for the preparation of 
ot-ole?ns, comprising, contacting at about 400 C. to about 
1500 C. in a liquid full modi?ed plug ?oW reactor: 

(a) an oligomeriZation catalyst Which is an iron complex 
of a 2,6-pyridinecarboxaldehye(bisimine) or a 2,6-dia 
cylpyridine(bisimine) Which oligomeriZes ethylene to 
ot-ole?ns; 

(b) ethylene; 
(c) an organic solvent; and 
(d) optionally one or more cocatalysts; 
Wherein (a) plus (b) plus (c) plus (d), When present, form 

a process mixture, and Wherein along the length of said 
modi?ed plug ?oW reactor said oligomeriZation catalyst is 
added at tWo or more addition points to said process mixture, 
so that a time interval for said process mixture betWeen said 
addition points is about 0.3 to about 5 half lives of said 
oligomeriZation catalyst under process conditions. 
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2 
DETAILS OF THE INVENTION 

Herein, certain terms are used. Some of them are: 
A “hydrocarbyl group” is a univalent group containing 

only carbon and hydrogen. As examples of hydrocarbyls 
may be mentioned unsubstituted alkyls, cycloalkyls and 
aryls. If not otherWise stated, it is preferred that hydrocarbyl 
groups (and alkyl groups) herein contain 1 to about 30 
carbon atoms. 
By “substituted hydrocarbyl” herein is meant a hydrocar 

byl group that contains one or more substituent groups 
Which are inert under the process conditions to Which the 
compound containing these groups is subjected (e.g., an 
inert functional group, see beloW). The substituent groups 
also do not substantially detrimentally interfere With the 
oligomeriZation process or operation of the oligomeriZation 
catalyst system. If not otherWise stated, it is preferred that 
substituted hydrocarbyl groups herein contain 1 to about 30 
carbon atoms. Included in the meaning of “substituted” are 
rings containing one or more heteroatoms, such as nitrogen, 
oxygen and/or sulfur, and the free valence of the substituted 
hydrocarbyl may be to the heteroatom. In a substituted 
hydrocarbyl, all of the hydrogen may be substituted, as in 
tri?uoromethyl. 
By “(inert) functional group” herein is meant a group, 

other than hydrocarbyl or substituted hydrocarbyl, Which is 
inert under the process conditions to Which the compound 
containing the group is subjected. The functional groups also 
do not substantially deleteriously interfere With any process 
described herein that the compound in Which they are 
present may take part in. Examples of functional groups 
include halo (?uoro, chloro, bromo and iodo), and ether such 
as 4OR5O wherein R50 is hydrocarbyl or substituted hydro 
carbyl. In cases in Which the functional group may be near 
a transition metal atom, the functional group alone should 
not coordinate to the metal atom more strongly than the 
groups in those compounds that are shoWn as coordinating 
to the metal atom, that is they should not displace the desired 
coordinating group. 
By a “cocatalyst” or a “catalyst activator” is meant one or 

more compounds that react With a transition metal com 
pound to form an activated catalyst species. One such 
catalyst activator is an “alkyl aluminum compoun ” Which, 
herein, means a compound in Which at least one alkyl group 
is bound to an aluminum atom. Other groups such as, for 
example, alkoxide, hydride, an oxygen atom bridging tWo 
aluminum atoms, and halogen may also be bound to alumi 
num atoms in the compound. 
By a “linear ot-ole?n product” is meant a composition 

predominantly comprising a compound or mixture of com 
pounds of the formula H(CH2CH2)qCH=CH2 Wherein q is 
an integer of 1 to about 18. In most cases, the linear ot-ole?n 
product of the present process Will be a mixture of com 
pounds having dilfering values of q of from 1 to 18, With a 
minor amount of compounds having q values of more than 
18. Preferably, less than 50 Weight percent, and more 
preferably less than 20 Weight percent, of the product Will 
have q values over 18. The product may further contain 
small amounts (preferably less than 30 Weight percent, more 
preferably less than 10 Weight percent, and especially pref 
erably less than 2 Weight percent) of other types of com 
pounds such as alkanes, branched alkenes, dienes and/or 
internal ole?ns. 

By a “primary carbon group” herein is meant a group of 
the formula 4CH2i, Wherein the free valenceiis to any 
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other atom, and the bond represented by the solid line is to 
a ring atom of a substituted aryl to Which the primary carbon 
group is attached. Thus the free valenceimay be bonded to 
a hydrogen atom, a halogen atom, a carbon atom, an oxygen 
atom, a sulfur atom, etc. In other Words, the free valencei 
may be to hydrogen, hydrocarbyl, substituted hydrocarbyl or 
a functional group. Examples of primary carbon groups 

include iCH3, %H2CH(CH3)2, %H2Cl, %H2C6H5, 
iOCHS and %H2OCH3. 
By a “secondary carbon group” is meant the group 

Wherein the bond represented by the solid line is to a ring 
atom of a substituted aryl to Which the secondary carbon 
group is attached, and both free bonds represented by the 
dashed lines are to an atom or atoms other than hydrogen. 

These atoms or groups may be the same or different. In other 

Words the free valences represented by the dashed lines may 
be hydrocarbyl, substituted hydrocarbyl or inert functional 
groups. Examples of secondary carbon groups include ‘CH 
(CH3)2, 4CHCl2, iCH(C6H5)2, cyclohexyl, iCH(CH3) 
OCH3, and 4CH=CCH3. 
By a “tertiary carbon group” is meant a group of the 

formula 

Wherein the bond represented by the solid line is to a ring 
atom of a substituted aryl to Which the tertiary carbon group 
is attached, and the three free bonds represented by the 
dashed lines are to an atom or atoms other than hydrogen. In 

other Words, the bonds represented by the dashed lines are 
to hydrocarbyl, substituted hydrocarbyl or inert functional 
groups. Examples of tetiary carbon groups include 
*C(CH3)3, *C(C6H5)3, %C13, %F3, *C(CH3) 
2OCH3, 4CECH, iC(CH3)2CH=CH2, aryl and substi 
tuted aryl such as phenyl and l-adamantyl. 
By “aryl” is meant a monovalent aromatic group in Which 

the free valence is to the carbon atom of an aromatic ring. 
An aryl may have one or more aromatic rings Which may be 
fused, connected by single bonds or other groups. 
By “substituted aryl” is meant a monovalent aromatic 

group substituted as set forth in the above de?nition of 
“substituted hydrocarbyl”. Similar to an aryl, a substituted 
aryl may have one or more aromatic rings Which may be 
fused, connected by single bonds or other groups; hoWever, 
When the substituted aryl has a heteroaromatic ring, the free 
valence in the substituted aryl group can be to a heteroatom 
(such as nitrogen) of the heteroaromatic ring instead of a 
carbon. 

By a “?rst ring atom in R6 and R7 bound to an imino 
nitrogen atom” is meant the ring atom in these groups bound 
to an imino nitrogen shoWn in (I), for example 
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(11) 

Or 

(111) 

the atoms shoWn in the l-position in the rings in (II) and (Ill) 
are the ?rst ring atoms bound to an imino carbon atom (other 
groups Which may be substituted on the aryl groups are not 
shoWn). Ring atoms adjacent to the ?rst ring atoms are 
shoWn, for example, in (IV) and (V), Where the open 
valencies to these adjacent atoms are shoWn by dashed lines 
[the 2,6-positions in (IV) and the 2,5-positions in (V )]. 

(1V) 

~ or 

(V) 

By “liquid full” herein is meant that at least about 85 
volume percent, preferably at least about 95 volume percent, 
of the reactor volume is occupied by a liquid that is a single 
phase. Small amounts of the reactor volume may be taken up 
by gas, for example ethylene may be added to the reactor as 
a gas, Which is absorbed by the liquid phase rapidly under 
the process conditions. Nevertheless, some small amount of 
dissolving ethylene gas may be present. Not counted in the 
reactor volume is any solid resulting from fouling of the 
reactor (Walls). 
By a “bubble point” herein is meant the minimum pres 

sure that must be exerted on the process ingredients to keep 
all of the ingredients, including ethylene, in the process in 
the liquid phase (i.e., dissolved). The bubble point pressure 
Will vary With the temperature of the process and the 
composition of the liquid phase. For example, as the tem 
perature is raised, the minimum pressure needed to maintain 
a liquid phase (including ethylene) Without an ethylene gas 
phase Will increase, and vice versa. The bubble point pres 
sure also changes With the composition of the liquid 
medium. The bubble point may be measured under various 
conditions using a pressure cell With a vieWport to determine 
the minimum pressure Which, under a given set of condi 
tions, the ethylene gas phase “disappears”. Speci?c tech 
niques that are useful for measuring bubble points Will be 
found in A. Y. Dandekar, et al., Ind. Eng. Chem. Res., vol. 
39, p. 2586*2591 (2000); WO 98/45691; and S. Raham, et 
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al., J. Pet. Sci. Eng, vol. 14, p. 25*34 (1995), all of Which 
are hereby incorporated by reference. 

Herein a modi?ed plug ?oW reactor (sometimes called a 
tubular reactor) is used. Plug ?oW reactors are Well knoWn 
in the art, see for instance J. l. KroschWitZ, et al., Ed., 
Kirk-Olhmer Encyclopedia ofChemical Technology, 4th Ed., 
Vol. 20, John Wiley & Sons, NeW York, 1996, p. 1007*1059, 
Which is incorporated by reference herein. The plug ?oW 
reactor herein is typically a long tube or pipe having an 
inside diameter of about 3 cm to 15 cm, the tube being thick 
enough to Withstand the pressure of the reaction mixture. At 
the feed end (Where ingredients enter) of the reactor solvent 
(some or all of the solvent may be ot-ole?ns Which are 
produced in the process), ethylene, the iron complex and 
optionally cocatalyst are added and pumped through the 
reactor at a given rate. The iron complex and/or cocatalyst 
(if present) may be added as a suspension (the iron complex 
and/or cocatalyst being solids) in a liquid. “Liquid full” 
herein includes When small the catalyst and/or cocatalyst are 
solids (as slurries) in the liquid phase. The catalyst and/or 
cocatalyst may also be added as part of a supported particu 
late catalyst, i.e., they are supported on a support. During the 
trip through the length of the reactor, the ethylene is con 
verted to a mixture of ot-ole?ns. The liquid in the reactor 
proceeds through the tube at approximately a constant linear 
rate, unless substantial amounts (compared to the total 
ingredients fed to the feed end) of materials, such as 
ethylene are fed along the length of the reactor. If such 
amounts are fed to the reactor, the linear velocity of the 
process ingredients through the reactor Will increase. As the 
liquid proceeds through the reactor, the catalytic activity of 
the iron catalyst typically decays With time. In order to 
maintain the catalytic activity of the iron catalyst, the plug 
?oW reactor system is “modi?ed” by having addition points 
for the iron complex along the length of the reactor. These 
addition points are spaced along the length of the reactor so 
that the time interval betWeen addition points for the process 
mixture betWeen addition points is about 0.3 to about 5 half 
lives, preferably about 0.5 to about 3.0 half lives, and more 
preferably about 0.8 to about 2.0 half lives, of the catalytic 
activity of the iron complex. Any of the above minimum 
half-life intervals may be combined With any maximum 
half-life interval. Thus, the distance betWeen these addition 
points Will depend on the half-life of the iron complex under 
the process conditions being used, as Well as the velocity of 
the process mixture through the plug ?oW reactor. The faster 
the velocity of the process mixture and/or the longer the 
half-life of the iron complex the further the linear distance 
betWeen addition points. 

The iron complex used herein is an iron complex of a 
2,6-pyridinecarboxaldehye(bisimine) or a 2,6-diacylpyri 
dine(bisimine). A preferred ligand in the iron complex has 
the formula 

(I) 
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6 
Wherein: 

R1, R2 and R3 are each independently hydrogen, hydro 
carbyl, substituted hydrocarbyl or an inert functional group, 
provided that any tWo of R1, R2 and R3 vicinal to one another 
taken together may form a ring; 
R4 and R5 are each independently hydrogen, hydrocarbyl, 

substituted hydrocarbyl or an inert functional group; 
R6 and R7 are each independently a substituted aryl 

having a ?rst ring atom bound to the imino nitrogen, 
provided that: 

in R6, a second ring atom adjacent to said ?rst ring atom 
is bound to a halogen, a primary carbon group, a secondary 
carbon group or a tertiary carbon group; and further pro 
vided that 

in R6, When said second ring atom is bound to a halogen 
or a primary carbon group, none, one or tWo of the other ring 
atoms in R6 and R7 adjacent to said ?rst ring atom are bound 
to a halogen or a primary carbon group, With the remainder 
of the ring atoms adjacent to said ?rst ring atom being bound 
to a hydrogen atom; or 

in R6, When said second ring atom is bound to a secondary 
carbon group, none, one or tWo of the other ring atoms in R6 
and R7 adjacent to said ?rst ring atom are bound to a 
halogen, a primary carbon group or a secondary carbon 
group, With the remainder of the ring atoms adjacent to said 
?rst ring atom being bound to a hydrogen atom; or 

in R6, When said second ring atom is bound to a tertiary 
carbon group, none or one of the other ring atoms in R6 and 
R7 adjacent to said ?rst ring atom are bound to a tertiary 
carbon group, With the remainder of the ring atoms adjacent 
to said ?rst ring atom being bound to a hydrogen atom. 

In one preferred compound (I) R6 is 

(V1) 

and R7 is 

(v11) 

R13 

R14 

R15 

Wherein: 
R8 is a halogen, a primary carbon group, a secondary 

carbon group or a tertiary carbon group; and 

R9, R10, R11, R14, R15, R16 and R17 are each indepen 
dently hydrogen, hydrocarbyl, substituted hydrocarbyl or a 
functional group; provided that: 
When R8 is a halogen or primary carbon group none, one 

or tWo of R12, R13 and R17 are a halogen or a primary carbon 
group, With the remainder of R12, R13 and R17 being hydro 
gen; or 
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When R8 is a secondary carbon group, none or one of R12, 
R13 and R17 is a halogen, a primary carbon group or a 
secondary carbon group, With the remainder of R12, R13 and 
R17 being hydrogen; or 
When R8 is a tertiary carbon group, none or one of R12, 

R and R17 is tertiary carbon group, With the remainder of 
R12, R13 and R17 being hydrogen; 

and further provided that any tWo of R8, R9, R10, R11, R12, 
R13, R14, R15, R16 and R17 vicinal to one another, taken 
together may form a ring. 

In the above formulas (VI) and (VII), R8 corresponds to 
the second ring atom adjacent to the ?rst ring atom bound to 
the imino nitrogen, and R12, R13 and R17 correspond to the 
other ring atoms adjacent to the ?rst ring atom. 

In compounds (I) containing (VI) and (VII), it is particu 
larly preferred that: 

if R8 is a primary carbon group, R13 is a primary carbon 
group, and R12 and R17 are hydrogen; or 

if R8 is a secondary carbon group, R13 is a primary carbon 
group or a secondary carbon group, more preferably a 
secondary carbon group, and R12 and R17 are hydrogen; or 

if R8 is a tertiary carbon group (more preferably a trihalo 
tertiary carbon group such as a trihalomethyl), R13 is a 
tertiary carbon group (more preferably a trihalotertiary 
group such as a trihalomethyl), and R12 and R17 are hydro 
gen, or 

if R8 is a halogen, R13 is a halogen, and R12 and R17 are 
hydrogen. 

In all speci?c preferred compounds (I) in Which (VI) and 
(VII) appear, it is preferred that R1, R2 and R3 are hydrogen; 
and/ or R4 and R5 are methyl. It is further preferred that: 

R9, R10, R11, R12, R14, R15, R16 and R17 are all hydrogen; 
R13 is methyl; and R8 is a primary carbon group, more 
preferably methyl; or 

R9, R10, R11, R12, R14, R15, R16 and R17 are all hydrogen; 
R13 is ethyl; and R8 is a primary carbon group, more 
preferably ethyl; or 

R9, R10, R11, R12, R14, R15, R16 and R17 are all hydrogen; 
R13 is isopropyl; and R8 is a primary carbon group, more 
preferably isopropyl; or 

R9, R10, R11, R12, R14, R15, R16 and R17 are all hydrogen; 
R13 is n-propyl; and R8 is a primary carbon group, more 
preferably n-propyl; or 

R9, R10, R11, R12, R14, R15, R16 and R17 are all hydrogen; 
R13 is chloro; and R8 is a halogen, more preferably chloro; 
or 

R9, R10, R11, R12, R14, R15, R16 and R17 are all hydrogen; 
R13 is trihalomethyl, more preferably tri?uoromethyl; and 
R is a trihalomethyl, more preferably tri?uoromethyl. 

In another preferred embodiment of (I), R6 and R7 are, 
respectively 

(VIII) 
R20 R19 

\C C/ 
// \\ 

/C\ /C\ R21 N R18 and 
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-continued 
IX 

R24 R23 ( ) 
\ 
C — C 

wherein: 
R18 is a halogen, a primary carbon group, a secondary 

carbon group or a tertiary carbon group; and 
R19, R20, R23 and R24 are each independently hydrogen, 

hydrocarbyl, substituted hydrocarbyl or a functional group; 

Provided that: 
when R18 is a halogen or primary carbon group none, one 

or tWo of R21, R22 and R25 are a halogen or a primary carbon 
group, With the remainder of R21, R22 and R25 being hydro 
gen; or 

when R18 is a secondary carbon group, none or one of R21, 
R22 and R25 is a halogen, a primary carbon group or a 
secondary carbon group, With the remainder of R21, R22 and 
R25 being hydrogen; 
when R18 is a tertiary carbon group, none or one of R21, 

R22 and R25 is a tertiary carbon group, With the remainder of 
R21, R22 and R25 being hydrogen; 

and further provided that any tWo of R18, R19, R20, R21, 
R22, R23, R24 and R25 vicinal to one another, taken together 
may form a ring. 

In the above formulas (VII) and (IX), Rl8 corresponds to 
the second ring atom adjacent to the ?rst ring atom bound to 
the imino nitrogen, and R21, R22 and R25 correspond to the 
other ring atoms adjacent to the ?rst ring atom. 

In compounds (I) containing (VII) and (IX), it is particu 
larly preferred that: 

if R18 is a primary carbon group, R22 is a primary carbon 
group, and R21 and R25 are hydrogen; or 

if R18 is a secondary carbon group, R22 is a primary 
carbon group or a secondary carbon group, more preferably 
a secondary carbon group, and R21 and R25 are hydrogen; or 

if R18 is a tertiary carbon group (more preferably a trihalo 
tertiary carbon group such as a trihalomethyl), R22 is a 
tertiary carbon group (more preferably a trihalotertiary 
group such as a trihalomethyl), and R21 and R25 are hydro 
gen; or 

if R18 is a halogen, R22 is a halogen, and R21 and R25 are 
hydrogen. 

In all speci?c preferred compounds (I) in Which (VII) and 
(IX) appear, it is preferred that R1, R2 and R3 are hydrogen; 
and/or R4 and R5 are methyl. It is further preferred that: 

R19, R20, R21, R23 and R24 are all hydrogen; R22 is methyl; 
and R18 is a primary carbon group, more preferably methyl; 
or 

R19, R20, R21, R23 and R24 are all hydrogen; R22 is ethyl; 
and R18 is a primary carbon group, more preferably ethyl; or 

R19, R20, R21, R23 and R24 are all hydrogen; R22 is 
isopropyl; and R18 is a primary carbon group, more prefer 
ably isopropyl; or 

R19, R20, R21, R23 and R24 are all hydrogen; R22 is 
n-propyl; and R18 is a primary carbon group, more prefer 
ably n-propyl; or 

R19, R20, R21, R23 and R24 are all hydrogen; R22 is chloro 
or bromo; and R18 is a halogen, more preferably chloro or 
bromo. 
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Compound (I) and its iron complexes (the oligomeriZation 
catalyst) may be prepared by a variety of methods, see for 
instance previously incorporated U.S. Pat. No. 5,955,555 
and WO 99/02472, as Well as WO 99/50273 (equivalent to 
Us. patent application Ser. No. 09/277,910, ?led Mar. 29, 
1999) and WO 00/08034, all of Which are also included by 
reference. 

The use of 2,6-pyridinecarboxaldehyde(bisimine) or 2,6 
diacylpyridine(bisimine) as ethylene oligomeriZation and/or 
polymeriZation catalysts, and the general conditions for such 
reactions, including temperature, pressure, supportation of 
the iron complex (if desired), useful cocatalysts and 
amounts, much of Which is useful herein, may be found in 
Us. Pat. Nos. 5,955,555, 6,103,946, World Patent Applica 
tions 02/06192, 02/ 12151, and Us. Provisional Patent 
Application 60/285,554, ?led Apr. 20, 2001 (CL1844 
PRVl), all of Which are hereby included by reference. A 
preferred temperature range for the process (ingredients 
Within the reactor) is about 50° C. to about 120° C., 
preferably about 70° C. to about 110° C. Another preferred 
temperature range because maximum catalyst e?iciency is 
achieved is about 40° C. to about 70° C., but this may be 
dif?cult to achieve because of the potential cost of main 
taining such loW temperatures (cooling). It is to be under 
stood that over the length of the reactor there may be small 
portions in Which the process mixture is outside this tem 
perature range, but over the majority of the length of the 
reactor, the process ingredients are Within this range. 

By the “half life of the iron complex” or the “half life of 
the activity of the iron complex” is meant the amount of time 
during Which the iron complex loses one half of its activity 
toWards oligomeriZing ethylene. The concept of half lives is 
Well knoWn in the art of chemical kinetics, see for instance 
A. A. Frost, et al., Kinetics and Mechanism, 2'” Ed., John 
Wiley & Sons, NeW York, 1961 (especially chapter 3), 
Which is hereby included by reference. These can be deter 
mined from kinetic measurements in commercial plant siZe 
plug ?oW reaction system under conditions that Will be 
actually used in the manufacturing process. More typically 
it Will be determined in a model (laboratory) reaction system 
Which mimics the conditions in a commercial manufacturing 
plant. Alternatively the half life may be at least approxi 
mately determined by use of a batch or semibatch (ethylene 
being fed during the oligomeriZation) reactor by using 
oligomeriZation conditions similar to those to be used in the 
desired modi?ed plug ?oW reactor. For instance the fall in 
(mostly ethylene) pressure in a batch reactor, or the uptake 
of ethylene in a may be used as a measure of the oligomer 
iZation catalyst activity With time. As is Well understood in 
the art, suitable calibrations for ethylene concentration vs. 
total pressure in the batch reactor, and apparent ethylene 
uptake vs. actual ethylene uptake in a semibatch reactor 
should be made. 

It is believed the main in?uence on the half life of these 
iron complexes is the temperature of the reaction, assuming 
substantial amounts deleterious impurities are not alloWed 
into the reaction system, and that ethylene is present in 
substantial excess. Other factors such as solvent type, eth 
ylene pressure, concentrations of various ingredients, type of 
cocatalyst, etc., are believed to have at best only a minor 
contribution to the half-life of these catalysts. Table A beloW 
gives the approximate half-lives of Qi) and (XI) at various 
temperatures. 
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TABLE A 

(X) 

.Q 

6 (X1) 

Q 

36 
Half-life, min 

THHP, ° C (X) (X1) 

40 26 9 
60 11 2 
80 6 1 

100 3 i 

These half-lives Were determined in a semibatch reactor 
With a toluene solvent, in Which ethylene Was added to the 
reactor at a constant pressure. The uptake of ethylene Was 
measured With time and used (With appropriate corrections) 
to calculate the rate constant (and hence half-lives) for decay 
of the catalyst activity. 
The modi?ed plug ?oW reactor Will typically be a long 

tube or pipe along Which the process ingredients How. The 
“beginning” end Wherein the process ingredients are ?rst fed 
is called the “feed end” herein, and the end Where the 
process ingredients exit the reactor is called the “exit” 
herein. Since the oligomeriZation is exothermic and the 
temperature is usually controlled to some maximum (range), 
cooling is usually provided to the reactor. Typically the 
reactor Will be immersed in some type of cooling liquid. For 
example this may be a cooled Water or brine solution, or may 
be a liquid Which vaporiZes (at the pressure the liquid is 
under) to cool the liquid. The vapor is typically cooled and 
condensed back to liquid and returned to the cooling liquid. 
A useful con?guration for the reactor and its associated 
cooling equipment is a so-called shell and tube con?gura 
tion, in Which the reactor (except for the ends of the reactor) 
is inside a shell. The reactor (tube), Which is usually coiled, 
is surrounded by the liquid cooling medium, Which is inside 
the shell. 
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It is preferred that the oligomeriZation is run in an inert 
solvent such as a hydrocarbon. Useful hydrocarbons include 
alkanes such as heptane, or nonane, or aromatic hydrocar 
bons such as toluene or xylene. Preferably the solvent has a 
boiling point that alloWs it be readily separated by distilla 
tion from the ot-ole?ns produced in the process. At the feed 
end, the iron complex, usually a cocatalyst, solvent and 
ethylene are added to the reactor (perhaps through a mixing 
tee or other mixing apparatus), and these materials start 
traveling doWn the plug ?oW reactor toWards the exit. As the 
oligomeriZation proceeds the process mixture is typically 
heated by the exothermic reaction, While being cooled by the 
cooling liquid outside the reactor. Because the oligomeriZa 
tion catalyst activity decays With time, especially at elevated 
temperatures, the concentration of active oligomeriZation 
catalyst decreases as the process mixture travels through the 
reactor. Therefore the absolute rate of ot-ole?n synthesis Will 
sloW and the process mixture Will cool. The amount of 
ethylene present Will also decrease as it reacts to form 
ot-ole?ns (see beloW). Therefore at some point along the 
reactor, more oligomeriZation catalyst (iron complex) and 
optionally also more cocatalyst, Will be injected into the 
reactor, and hence process stream. This is about 0.5 to about 
5.0 iron complex half-lives from the feed end. Since there is 
already some active oligomeriZation catalyst remaining in 
the process stream the amount injected (iron complex and/or 
cocatalyst) may be less than Was injected at the feed end. 
The cocatalyst may be injected at the same point as the iron 
complex, or at different points along the reactor, but it is 
preferred that it be injected at the same point. This may be 
repeated numerous times as the process stream ?oWs 
through the reactor, but preferably the number of injection 
points (including the addition at the feed end) is typically 
about 2 to about 10, more preferably about 3 to about 8. This 
Will be determined someWhat by the half-life time, the How 
rate through the reactor, and the length of the reactor. The 
concentration of the active oligomeriZation complex through 
the reactor can be empirically represented as shoWn in FIG. 
1, Where the y axis is oligomeriZation catalyst concentration 
and the x axis is time of the reaction mixture from the feed 
end or position along the reactor from the feed end. 
As mentioned above ethylene fed to the reactor at the feed 

end is also “used up” during the reaction. It may be possible 
to add enough ethylene to the process mixture at the feed end 
so that no more additions are necessary, but this may result 
in one or more disadvantages While running the process. The 
very high concentration of ethylene near the feed end may 
cause an excessive amount of heat to be generated near the 
feed end, causing excessive temperature of the process 
mixture, and/or the concentration of ethylene may decrease 
greatly over the length of the reactor complicating efforts to 
have relatively similar amounts of reaction along the length 
of the reactor, and/or it may not be possible to remove as 
much ethylene as desired from the reaction mixture (see 
beloW) toWards the exit of the reactor. Therefore one may 
optionally also add ethylene at various (second addition) 
points along the reactor length, so as to maintain the 
ethylene concentration relatively steady over the length of 
the reactor, except perhaps near the exit. It is often conve 
nient to add the ethylene at the same points along the reactor 
Where the oligomeriZation catalyst is injected, although that 
is not necessary. The feWer total (ethylene, oligomeriZation 
catalyst, etc) injection points there are, the cheaper the 
reactor may be to build and/or operate. The ethylene con 
centration in a reactor With multiple injection points is 
generically shoWn in FIG. 2, Where the y axis is ethylene 
concentration, and the x axis is time of the reaction mixture 
from the feed end or position along the reactor from the feed 
end. 
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ToWards the exit of the reactor it may be desirable to 

reduce the ethylene concentration greatly to reduce the 
amount of ethylene that is recycled back to the feed end of 
the reactor. This often results in loWer equipment and 
operating costs for the recycling of this ethylene, and so is 
often desirable. This is depicted in FIG. 2, Which shoWs no 
ethylene injection toWards the exit of the reactor. 
As an illustration the folloWing can be envisioned. One 

has a tubular reactor, 0.03 m inside diameter and 4500 m 
long, having 3 injection points, of Which can handle one or 
more of iron complex, ethylene (injected at 13.8 MPa 
pressure) and cocatalyst, one point at the feed end, a second 
point 1500 m doWnstream, and a third point 1500 m doWn 
stream of the second injection point. The reactor is cooled 
With liquid pentane held at a temperature of 70° C. Cooling 
is accomplished by alloWing the pentane to vaporiZe. The 
pentane vapor is condensed and returned to the pentane 
liquid coolant. The iron complex, (X), contains 11.9 Wt % Fe 
(as metal), and this is the Weight shoWn in Table B. The iron 
complex is fed as a slurry in a small amount of a suspending 
medium such as mineral oil. The cocatalyst is methylalu 
minoxane in o-xylene containing 7-Wt % Al (as metal). In 
order to accommodate the need to maintain the temperature 
at 70i80° C. (it increases to about 80° C. after each catalyst 
injection, and then decreases to about 70° C. until the next 
injection point) one can calculate the feed data in Table B. 

TABLE B 

Feeds 

Injection #1 Injection #2 Injection #3 

ethylene (kgh) 500 368 180 
catalyst (g/h) 0.77 0.92 1.11 
cocatalyst (gh) 193 229 278 
solvent (kg/h) 900 0 0 

The total holdup time in the reactor is about 64 minutes, 
and the time betWeen injection points 1 and 2 is 27.5 min, 
and betWeen points 2 and 3 is about 18.5 minutes. These 
vary because of the introduction of additional ethylene at 
feed points 2 and 3. Assuming the average temperature in the 
reactor is 750 C., this means the number of half lives of the 
active polymerization catalyst betWeen injection points 1 
and 2 is 3.9, and betWeen injection points 2 and 3 is 2.6. 
Under these conditions it is believed about 80 percent, or 
about 838 kg, of the ethylene fed to the reactor Will be 
oligomeriZed. The increased amount of catalyst Which can 
be fed is due to the increase in mass of the ?uid going 
through the reactor because of the additional ethylene feeds, 
Which can absorb more heat for a given temperature differ 
ential. 

Compared to a continuous stirred tank reactor (CSTR) the 
modi?ed plug ?oW reactor has several advantages. Probably 
the most important of these is higher ot-ole?n product purity. 
In a CSTR the concentration of ot-ole?n is constant and 
relatively high during the oligomeriZation reaction. It is 
believed that most of the impurities found in the ot-ole?n 
product arise from reaction of already formed ot-ole?ns With 
“neW” oligomer chains (made from ethylene) attached to the 
active oligomeriZation complex, and/or by reaction of the 
iron complex With already formed ot-ole?ns. In either event, 
the loWer the concentration of ot-ole?ns in the process 
mixture, the less impurities Will be formed. In the modi?ed 
plug ?oW reactor the average concentration of ot-ole?ns 
along the length of the reactor is much loWer than the 
concentration in a CSTR, since the concentration of ot-ole 
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?ns builds up along the length of the reactor to the ?nal 
concentration exiting the reactor. For example, at the feed 
end the concentration of ot-ole?ns is Zero. 

Also in the modi?ed plug ?oW reactor, the concentration 
of oligomeriZation catalyst is on the average loWer than in a 
CSTR, thereby also resulting (especially When the ot-ole?n 
content is high) in a lesser production of impurities in the 
ot-ole?ns produced. When ethylene concentration is loW, 
impurities may also be more readily produced. The modi?ed 
plug ?oW reactor may be designed so that When the ethylene 
concentration is relatively loW the active oligomeriZation 
catalyst concentration is also relatively loW (see FIGS. 1 and 
2). All of these factors contribute to purer ot-ole?ns often 
being produced by the modi?ed plug ?oW reactor process 
than in a CSTR process. Alternatively the modi?ed plug 
?oW process may produce a process stream Which contains 
a higher concentration of ot-ole?ns at the same purity 
produced by a CSTR process, or any combination of these 
tWo factors ot-ole?n concentration and purity). 

Finally in the modi?ed plug ?oW reactor in order to 
produce the same concentration of ot-ole?ns in the ?nal 
product stream, compared to an unmodi?ed plug ?oW reac 
tor, loWer ethylene pressures may be used. This may result 
in loWer capital costs for the modi?ed plug ?oW reactor and 
its associated piping, and/or loWer capital and/or operating 
costs for compressing recycle and/ or makeup ethylene in the 
reactor system. 

What is claimed is: 
1. A process for the preparation of ot-ole?ns, comprising, 

contacting at about 400 C. to about 1200 C. in a liquid full 
modi?ed plug ?oW reactor: 

(a) an oligomeriZation catalyst Which is an iron complex 
of a 2,6-pyridinecarboxaldehvde(bisimine) or a 2,6 
diacylpyridine(bisimine) Which oligomeriZes ethylene 
to ot-ole?ns; 

(b) ethylene; 
(c) an organic solvent; and 
(d) optionally one or more cocatalysts; 

Wherein (a) plus (b) plus (c) plus (d), When present, form a 
process mixture, and Wherein along the length of said 
modi?ed plug ?oW reactor said oligomeriZation catalyst is 
added at tWo or more ?rst addition points to said process 
mixture, so that a time interval for said process mixture 
betWeen said addition points is about 0.3 to about 5 half lives 
of said oligomeriZation catalyst under process conditions. 

2. The process as recited in claim 1 Wherein said time 
interval is about 0.5 to about 3.0 of said half lives. 

3. The process as recited in claim 1 Wherein said 2.6 
pyridinecarboxaldehyde(bisimine) or 2,6-diacylpyridine(bi 
simine) is 

(I) 

Wherein: 
R1, R2 and R3 are each independently hydrogen, hydro 

carbyl, substituted hydrocarbyl or an inert functional 

5 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

14 
group, provided that any tWo of R1, R2 and R3 vicinal 
to one another taken together may form a ring; 

R4 and R5 are each independently hydrogen, hydrocarbyl, 
substituted hydrocarbyl or an inert functional group; 

R6 and R7 are each independently a substituted aryl 
having a ?rst ring atom bound to the imino nitrogen, 
provided that: 

in R6, a second ring atom adjacent to said ?rst ring atom 
is bound to a halogen, a primary carbon group, a 
secondary carbon group or a tertiary carbon group; and 
further provided that 

in R6, When said second ring atom is bound to a halogen 
or a primary carbon group, none, one or tWo of the 
other ring atoms in R6 and R7 adjacent to said ?rst ring 
atom are bound to a halogen or a primary carbon group, 
With the remainder of the ring atoms adjacent to said 
?rst ring atom being bound to a hydrogen atom; or 

in R6, When said second ring atom is bound to a secondary 
carbon group, none, one or tWo of the other ring atoms 
in R6 and R7 adjacent to said ?rst ring atom are bound 
to a halogen, a primary carbon group or a secondary 
carbon group, With the remainder of the ring atoms 
adjacent to said ?rst ring atom being bound to a 
hydrogen atom; or 

in R6, When said second ring atom is bound to a tertiary 
carbon group, none or one of the other ring atoms in R6 
and R7 adjacent to said ?rst ring atom are bound to a 
tertiary carbon group, With the remainder of the ring 
atoms adjacent to said ?rst ring atom being bound to a 
hydrogen atom. 

4. The process as recited in claim 3 Wherein R6 is 

(V1) 

R12 R8 

R1 1 R9 

R10 

and R7 is 

(v11) 

R17 R13 

R16 R14 

R15 

Wherein: 
R8 is a halogen, a primary carbon group, a secondary 

carbon group or a tertiary carbon group; and 

R9, R10, R11, R14, R15, R16 and R17 are each indepen 
dently hydrogen, hydrocarbyl, substituted hydrocarbyl 
or a functional group; 

provided that: 
When R8 is a halogen or primary carbon group none, one 

or tWo of R12, R13 and R17 are a halogen or a primary 
carbon group, With the remainder of R12, R13 and R17 
being hydrogen; or 
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When R8 is a secondary carbon group, none or one of R12, 
R13 and R17 is a halogen, a primary carbon group or a 
secondary carbon group, With the remainder of R12, R13 
and R17 being hydrogen; or 

when R8 is a tertiary carbon group, none or one of R12, 
R and R17 is tertiary carbon group, With the remainder 
of R12, R13 and R17 being hydrogen; 

and further provided that any tWo of R8, R9, R10, R1 1, R12, 
R13, R14, R15, R16 and R17 Vicinal to one another, taken 
together may form a ring. 

5. The process as recited in claim 4 Wherein: 

if R8 is a primary carbon group, R13 is a primary carbon 
group, and R12 and R17 are hydrogen; or 

if R8 is a secondary carbon group, R13 is a primary carbon 
group or a secondary carbon group, and R12 and R17 are 
hydrogen; or 

if R8 is a tertiary carbon group, R13 is a tertiary carbon 
group, and R12 and R17 are hydrogen; or 

if R8 is a halogen, R13 is a halogen, and R12 and R17 are 
hydrogen. 
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6. The process as recited in claim 4 Wherein: 
R1, R2 and R3 are hydrogen; and R4 and R5 are methyl; 
R19, R20, R21, R23 and R24 are all hydrogen; R22 is methyl; 

and R18 methyl; 
or 

R19, R20, R21, R23 and R24 are all hydrogen; R22 is ethyl; 
and R18 ethyl; or 

R19, R20, R21, R23 and R24 are all hydrogen; R22 is 
isopropyl; and R18 isopropyl; or 

R19, R20, R21, R23 and R24 are all hydrogen; R22 is 
n-propyl; and R18 n-propyl; or 

R19, R20, R21, R23 and R24 are all hydrogen; R22 is chloro 
or bromo; and R18 is a halogen. 

7. The process as recited in claim 1 Which is carried out 
at a temperature of about 70° C. to about 110° C. 

8. The process as recited in claim 1 Wherein there are 
about 3 to about 8 of said addition points. 

9. The process as recited in claim 1, 2, 3, 4, 5, 6, 7, or 8 
Wherein ethylene is added at tWo or more second addition 
points to said process mixture. 

10. The process as recited in claim 9 Wherein said ?rst 
addition points and said second addition points are the same. 

* * * * * 


